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SUMMARY 


This papyr describes an on-going "OEX" catalytic surface Sfricts experiment 
being conducted on rbe Space Shuttle. The catalytic surface eff.cts experiment was 
performed on four of the five flights of Columbia. Temperature- time n^stori - 
distributions along the midfuselage and wing of the orbiter were usea to dete. 
the surface catalytic efficiency of the baseline HRSI. Correlation paramete.o ar. 
shown that allow the comparison of all flight data with P re ^^ions from the : esign 
traiecrory 14414.1. These data show that the catalytic surface efficiency x^reas - 
and^ surface emittance decreased as a result of contaminants during the five x lights 
of the Space Shuttle. 


INTRODUCTION 


The possibility of reduced heating of the Shuttle orbiter during atmosphere 
entry because of noncataly tic surface effects has generated interest si-uce 

first Shuttle flight, when surface temperature was found to be lower t an expe 
Noncatalytic surface effects for the Shuttle were previously Predicted ^put,- 

tions and arc-tunnel tests (ref. 1) and were later confirmed (ref 2) by data^rom 
flight STS- 2. With present experience from the first five Shutt.e f- g ’ 
definitive conclusions can now be made regarding noncata_ytic sur ace 

The catalytic surface effects (CSE) "OEX" experiment was designed to determine 
if the low catalytic efficiency of the coating on the heat shield tiles would p 
at flight conditions. The CSE experiment was conducted cn four of the ve :* | * 
of Columbia . This on-going experiment uses baseline high-temperature reusable 
face insulation (HRSI) tiles located along the midfuselage and wing or th * * 

The HPSI tiles are covered with a reaction cured glass (RCG) coating -o p - 
™' t "2ce c»Lol and gas* of handling (raf. 3). Davelcpnant flight instigation 
(DFI) was used to measure surface temperature and pressure without impacting -he 
Space Shuttle operations. A catalytic overcoat of black iron cobait chromia spin x 
in a polyvinyl acetate binder was sprayed onto selected tiles (ref. )* * 

surface temperatures obtained from tiles with and without the catalytic ov - 
were compared with theoretical predictions using the reacting boundary-layer -Depu- 
tation of Rakich and Lanfranco (ref. 2). High-temperature surface properties 
obtained from ground-test facilities for the RCG glassy surface and catalytic over 
coat were used along with individual trajectory data to perform the ccmputat_ona 
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analysis to define each flight experinent. Temperature- time histories and distribr- 
u.ans a ong t e midfuseiage and wing of the orbiter were used to determine the sutr- 
i.ce catalytic efficiency of the baseline 3RSI. This paper describes results (les- 
s^s learned; .rom a collection of flight data obtained from flights STS-2 thrcueb 
fv aCa * ncl - ude optical properties and surface temperatures that are used 
" * "l,, 6 s ^ rfa = e catalytic efficiency of the Space Shuttle thermal protection 

m (TPS). A correlation parameter and a normalized surface temperature are 

Jti 5^*2 Cn3t all0W the com P ar ison of all flight data with a prediction obtained 
r.c-s the design trajectory 14414.1. 
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SYM30LS 

heat-transfer coefficient 

specific heat 

wall enthalpy 

total enthalpy 

reaction-rate constant 

Lewis number 

orbiter length, 32.77 m 

Mach number 

pressure 

heat flux 

Reynolds number 

temperature 

Earth entry time, from 122 km 
veloc ity 

axial distance from nose of orbiter 

spanwise distance from orbiter centerline 

angle of attack 

tile thickness 

S tef an-Boltzmann constant 

total hemispherical* emittance 

density 







roll angle 


2 sweep angle 

Subscripts : 

e boundary-layer edge 

0 stagnation condition 

w wall condition 

33 iree-stream condition 


FLIGHT EXPERIMENT 

* * 

The catalytic surface effects experiment consisted of two phases. The first 
phase va' completed with STS-5. It used tiles witn single surface thermocouola. 

The tiles were sprayed with a catalytic overcoat; temperatures were compared with 
those of nearby uncoated tiles. Tile locations for the first phase were at 
X/L = 0.15 and X/L = 0.4 for STS-2 and X/L = 0.3 and X/L = 0.4 for STS-1. 
Before flight STS-4, tiles located at X/L = 0.1, 0.15, 0.2, 0.3, and 0.4 along the 
midfuselage were sprayed with the catalytic overcoat; however, no entry heating data 
were obtained from the flight because of a data system malfunction. Tiles located s.m 
X/L = 0.1, 0.15, 0.2, 0.3, and 0.6 along the raidfuselage and those at X/L * 1.76 
and X/L = 0.82 along a 60% semispan on the wing were also sprayed with the cEta- 
ly tic overcoat for flight STS-5. For the same flight, a strip, 1.52 m by 0.22 n, 
along the midfuselage between X/L = 0.35 and X/L = 0.4 was sprayed with the cata- 
lytic overcoat (fig. 1). The catalytic overcoat was sprayed with an air brush zo a 
thickness maintained at approximately 0.005 cm. A plastic sheet masked off the sur- 
rounding tiles (fig. 2). 

The second phase, which is in the development stage, requires tiles that Ere 
constructed with multiple surface thermocouples. The catalytic overcoat will be 
sprayed onto one of several tiles to define the shape of the heat pulse during Earth 
entry of the orbiter. 


POST-FLIGHT EVALUATION 


Flight Photographs 

Pre- and post-flight STS-5 photographs of tiles with the catalytic overcoat are 
shown in fl^ur^s 3 and 4. The preflight photograph (fig. 3) shows (looking toward 
the nose) the tiles on the strip and at X/L = 0.3 and X/L = 0.2. The post-flight 
photographs (fig. 4) show that the catalytic overcoat on the nose wheel door 
(X/L = 0.1), fuselage (X/L = 0.6), and wing (X/L = 0.76 and X/L = 0.82) of tha 
orbiter remained intact. The catalytic overcoat on the strip was eroded from tie 
corner of two tiles along its edge during flight. Eowever, the major portion cf the 
overcoat remained on the surfaces. A change in color of the RCG surface from black 
to gray can be observed on the midfuselage and on the wing of the vehicle, indicating 
possible surface contamination. Visual inspection showed that the color change vas 
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not noticeable after STS-3, but it became more pronounced after STS-4 anc STS-5. 
However, a color change was observed on the body flap after earlier flights. Pos- 
sible sources of contamination are the zap fillers in the nose wheel door and 
metallic sensors located along the midfuselage between X/L = 0.1 and X/L = 0.2 
(fig. 5). Contaminants from these sources have been identified as Fe 2 0;: # Si0 2 > and 
Cr^0 3 (Flowers, 0. L., private communication, 1982). 


Chemical Analysis 

Chemical analyses were conducted cn the surface of two tiles removed iron loca- 
tions X/L = 0.138 and X/L = 0.4 on the orbiter after flight STS-3 (Dr. Daniel 3. 
Leiser, private communication, 1983). analyses of the surfaces were perrormec using 
X-ray diffraction (XRD) and a scanning electron microscope with an X-ray rlucrescence 
attachment. The X-ray flucrescense analysis attachment, an energy dispersive X-ray 
analysis (EDX) unit, was used to obtain qualitative chemical analysis data or the 
coating surface; a description of the unit is given in ref. 4. Post-flight S^S-5 
XRD analysis of the RCG coatings showed the presence of cristobalite on the surface. 
In addition. X-ray fluorescence analysis showed the presence of aluminum, silicon, 
sodium, and magnesium on the surface of the two tiles. The aluminum, probably In the 
form of alumina, is attributed to by-products deposited from the burning solid rocket 
fuel during launch. The other elements are commonly found in sea salt- Sea salt 
tends to increase the reaction-rate constant because of its effect on ion mobility 
and viscosity of the bcrosilicate glass, and alumina decreases the emittance. 


. Surface Properties 

Two Important surface properties that determine surface temperature on the 
heat shield are (1) the reaction-rate constant and (2) total hemispherical emit— 
tance. The reaction-rate constants for the RCG coating and catalytic overcoat sur- 
faces were obtained from experiments conducted in the Ames Research Center Aerody- 
namic Heating Facility. The reaction-race constant for baseline RCG is shown in 
figure 6. The reaction-rate constant varied from roughly, = 23 cm/sec to 
k = 100 cm/sec for most of the area over the midfuselage where the catalytic surface 
effects experiment was being conducted. For simplicity in the reacting boundary- 
layer compulation the reaction-rate constant was assumed to be constant at 
k^ = 100 cn/sec. After flight STS-2 experiments using a microwave cavity generated 
nitrogen plasma on pieces of RCG covered tiles showed no change in the reaction-rate 
constant. Post-flight STS-5 experiment also showed no change in the reaction race- 
constant for the RCG coating. 

The total hemispherical emi t tance for both surfaces is plotted in figure 7. The 
preflight total hemispherical emittance of both surfaces is very similar over rhe 
temperature range of interest (figs. 7(a) and 7(b)). Taken at room temperature, 
the total hemispherical emittance for both surfaces was calculated from spectral, 
hemispherical reflectance data obtained using a Beckman model DK-IA (wavelength range 
0.3 \i to 2.3 u) and a Willey model 318 (wavelength range 2.0 p to 15 p) spectropho- 
tometer, respectively. Spectral hemispherical emittance data for the RCG surfaces 
are plotted in figure 7(c). Figure 7(d) shows a comparison of the total hemispheri- 
cal emittance calculated from spectral hemispherical reflectance data and values 
obtained from arc-jet tests. The arc-jet data were obtained frcd disks tested in an 
arc-plasma airstream using measurements of the radiant flux and surface temperature. 
The radiant heat flux was measured using a radiometer and the surface temperature 
with a surface thermocouple (platinum-platinum/13% rhodium) and pyrometer 
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(wavelength = 0.9 u). Post-flight STS-5 total hemispherical pittance 
from reflectance measurements is shown in figura .(a). Post-t-ight ST.^ - 

obtained from two tiles removed from the midfuselage at locations X/L " 5Z 

X/L = C.4 adjacent to the baseline reference tiles. These data show less h 
decrease in the total hemispherical emittance or the RCG coating a ter 


Computations • 

The reacting boundary-layer computation uses dynamic pressure, velocity, and 
angle of attack from the flight trajectory and calculated wa^i pressure * "' L 

to the above described surface properties, to predict sur ace tempera u 
orbiter TPS during Earth entry. The wall pressure-stsgnation^pressure ratio was cal 
culated using an inviscid nonequilibrium real gas solution, typica P = 
are plotted for several locations along the midfuselage of the orbr r lignt^ 

STS- 3 (fig. 8). Agreement between the flight data and predictions g ■ 

locations except l/L = 0.1 where the prediction was high The 

measured and calculated pressure is attributed either to a local disturbance of 
boundary layer or possible leakage of the pressure line from the surface ° f J*® 
to the transducer. Soundary-layer calculations of the radiation equilibrium tempera 
ture were performed for equilibrium and reacting flows. The calculated heating «• 
STS-3 is shown for two surface locations (X/L = 0.15 and X/L = 0.4 along ne mid- 
fuselage of the orbiter (fig. 9). Shown on the figure are the calculated wal. p^s 
sure histories. The flow is assumed to be laminar in the vicinity of experiment 

for the majority of the Earth-entry trajectory, when surface (* f ® ^ 

important. Transition to turbulent flow was assumed to occur late in the Earth e ry 
of the orbiter (-1200 s) . The computations show that a react^g flow resulted in a 
34-40% reduction in the heat-transfer rate at X/L - 0.15 and 25% reducti ‘ _ 

X/L = 0.4 for a substantial portion of the heating history. The effe*.. , , 

perature reduction on heat-shield thickness was evaluated. A one-dimensional 
calculation using a modified charring material ablator (CMA) program s °ws - Q 15 
reacting flow the tile thickness can be reduced by greater than 22% at X/L 
and greater than 6% at X/L = 0.4 and still meet Shuttle design requirem.er.ts. 


RESULTS AND DISCUSSION 


Flight data for STS-2 and STS-3 are compared with the computations and shown in 
figure 10. The surface- temperature distribution along the midfuselage was calculated 
for equilibrium and reacting flows at an entry time of 650 s ‘^ boundary- layer 
analysis predicts a discontinuous rise in temperature on the teot tile with catalytic 
overcoat. The temperature rise goes above the equilibrium value because of the 

sudden release oHhe energy of dissociation. The agreement between theory and da.a 

is good at the forward location X/L = 0.15 for STS-2. The low temperature at 

X/L = 0 4 can be attributed to the removal of some of the catalytic overcoat on this 

tile during STS-2 entry to Earth. Better agreement between flight data and theory 
was observed on STS- 3^ Some of the temperature data points are 

and hose should be a little higher than those on the centerline. These flight data 

show that the surface temperatures on the baseline HRSI tiles are consisten y 

the equilibrium computation (13% ter 35%), and the data from the test tiles ate above 

equilibrium. 
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To compare data from each flight, a normalized surface temperature and a corre- 
lation p ammeter :ad to be determined. Che normalized surface temperature ? 'X) vas 
derived from the well-known expression for flat-plate heating with dissociated gas 
flow (ref. 5): 




The hypersonic viscous interaction parameter (M^/i^lO was found to be a correla- 
tion parameter relating equivalent flight conditions during each trajectory. To 
illustrate the validity of this parameter, heat-transfer coefficients for equilibrium 
and reacting flows were calculated for the design trajectory 14414.1 and plotted as 
a function of the hypersonic, viscous interaction parameter (fig. 11). Calculated 
values of the heat-transfer coefficient Cjj obtained from trajectories STS-2 through 
STS-5 w T ere compared with values from the design trajectory 14414.1. Excellent agree- 
ment was obtained between values obtained from the flight and design trajectories. 
Since the normalized surface temperature is proportional to C^, it follows that .the 
flight data also can be directly compared vith the design trajectory 14414.1 predic- 
tion using the hypersonic viscous interaction parameter. 

Normalized surface temperatures for several locations along the midfuselage of 
the orbiter (X/L - 0.15, X/L = 0.3, and X/L = 0.4) were plotted against the correla- 
tion parameter (fig. 12). The predictions included values for equilibrium and reac- 
ting flows. Figure 12 shows values of the average surface- temperature rise across 
the tiles with the catalytic overcoat (short dashed line). In general, good agree- 
ment between the flight data and the predictions was obtained. During STS-2, the 
low temperature measurement at X/L - 0.15 c.» trie baseline RCG coating occurred 

with a thermocouple that failed a little over halfway through the entry to Earth of 
the orbiter. The low-temperature measurement for the coated tile at X/L = 0.4 
during STS-2 occurred as a result of the loss of some catalytic overcoat. 

The correlation parameter for all orbiter flights is plotted as a function of 
the time of entry to Earth from 121,920 a (fig. 13). Also, angle of attack and roll 
angle are shown on the figure. These calculated parameters ensure that the flight 
data are compared at similar flight conditions without large deviations in angle of 
attack or roll angle. Four cases of laminar flow conditions were chosen to compare 
normalized surface-temperature distributions along the midfuselage and wing with 
predictions using the design trajectory 14414.1 (figs. 14 through 16). 


832 



Midfuselage Heating 


Figures 14(a) through 14(d) show normalized surface temperature as a function of 
distance along the orbiter midfuselage centerline. Bound ary -layer computations are 
shown for equilibrium and reacting flows. The flight data on figure 14 include 
off-centerline corrections using the solutions outlined in reference 6. Good agree- 
ment between STS-2, STS-3, and the prediction using the reacting flow is shown for 
all four cases. The flight data from STS-5 appear high for the baseline RCG coating 
and low for tile surfaces with the catalytic overcoat. The difference between these 
data cannot all be accounted for by the 5 Z reduction in the total hemispherical emitr- 
tance measured after flight STS-5. The difference between the STS-5 data and the 
prediction is attributed to an increase in k w for the RCG surface coating. The 
lover surface-temperature measurements at X/L =0.2 during STS-5 and higher 
surface-temperature measurements at X/L = 0.3 during STS-3 on the tiles with the 
catalytic overcoat cannot be explained at this time. These data show that the sur- 
face catalytic effect on surface temperature decreases with decreasing Mach number 
and with increasing distance along the midfuselage centerline of the orbiter. In 
figure 14(b), * 0.0184 includes a prediction for a reacting flow and reaction- 

rate constant that varied with temperature (see fig. 6). The normalized temperature- 
distribution prediction was in close agreement with the flight data from STS-2 and 
STS-3 along the midfuselage centerline. 

The temperature at X/L = 0.4 on STS-5 is lower than the peak overshoot value 
because of the long (1.5 m) run of catalytic overcoat. However, that temperature is 
still above equilibrium, which is in agreement with the theory. 

The temperature distribution along the midfuselage centerline of the orbiter was 
calculated using post-flight STS-5 total hemispherical emittance and assuming a 
reaction-rate constant k w =» 200 cm/sec for the RCG glass coating (fig. 15). 

Included on the figure are computations for equilibrium flow and a reacting flow 
with kv = 100 cra/sec for the RCG glass coating. All computations were made fcr 
test point M^/Tr^ = 0.0304. The calculations using STS-5 post-flight total hemi- 
spherical emittance and increased reaction-rate constant during STS-5 agree well with 
the flight data. A substantial heat reduction below the equilibrium value still 
occurs at X/L < 0.2. However, at X/L > 0.2 the reduction in heating to the sur- 
face of the tiles Is less between the reacting and equilibrium flows. 


Wing Heating 

To test for possible noncatalytic effects on the windward side of the wing, two 
tiles along the 60% semispan (Y.^L = 0.60) were sprayed with the catalytic overcoat. 
This test was necessary because; of uncertainty as to the origin of streamlines wet- 
ting the wing surface. If the streamlines originate at the nose of the Shuttle, the 
flow should be close to equilibrium because of the large distance from the nose and 
the results observed at X/L = 0.6 along the midfuselage. On the other hand, if the 
wing streamlines pass through the wing— leading-edge shock, then the flow has greater 
possibility of being out of equilibrium, and lower noncatalytic heating can occur. 
Streamlines from wind-tunnel tests suggest the latter possibility. 

Because of^ the. difficulty in exactly computing the wing flow field, simple two- 
dimensional strip theory was used to analyze the wing heating. Cutting the wing at 
Y/L = constant yields a section shape that can be approximated by a blunted flat 
plate. For heating computations, the boundary layer is assumed to flow two dimen- 
sionally over the plate, starting approximately on the stagnation line on the wing 
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leading edge. The surface pressure is approximated with a Newtonian type of pressure 
distribution. Thus, the wing pressure was approximated by: 1 


p~ = cos 2 (5 - 9 0 ) 


(3) 


where, due to the wing sweep, 9 0 = 50° for a = 40° and P 0 is the normal shock 
stagnation pressure. The pressure and normalized surface temperature are shown in 
figure 16. The heating computation included a correction for boundary layer swallow- 
ing effects (ref. 2). 

The Newtonian pressure approximation is, of course, constant on the flat part of 
the wing, but agrees reasonably well with the level of flight data, STS-3. The pres- 
sure data decrease with distance as the overpressure caused by the blunted leading 
edge decays toward the flat-plate value. 

Figure 16 shows normalized surface-temperature predictions as a function of 
distance along a 60% semispan located on the wing of the orbiter. The normalized 
surface temperatures show peaks at X/L = 0.76 and 0.81, where the tiles are coated. 
We note that the data for the coated tiles show a significant rise over the uncoated 
tiles indicating a significant noncatalytic effect. The theory overpredicts the 
catalytic overshoot but is in fair agreement with the baseline tiles. As with the 
centerline data, there seems tc be a slight rise in temperature of the baseline 
tiles for flight STS-5. This tendency has been discussed earlier. In summary, 
the wing heating is reasonably well predicted by simple two-dimensional strip 
theory. 


CONCLUDING REMARKS 


Lessons learned from the catalytic surface effects experiment on four STS 
Columbia flights flown are listed below. 

1. Low surface catalytic efficiency of the RCG-coated baseline tiles results In 
lower heating during Earth entry for' early flights of the orbiter. 

2. Decrease in surface temperature on the HRSI because of its catalytic surface 
efficiency was less with distance along the orbiter midfuselage and Earth entry time. 

3. Total hemispherical emittance of RCG coating decreased with number of 
flights . 


4. Results indicate that surface catalytic efficiency (reaction-rate constant) 
of the RCG coating increased with number of flights. 

5. Thermal response predictions can be made from ground- test data, design tra- 
jectory, and reacting boundary-layer computation. 


x We note that equation (3) is not applicable at the wing leading edge because 
wing sweep reduces the pressure there, but it is adequate to start the boundary -layer 
computation. 
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6. Correlation parameter and a normalized surface temperature allow the com 
parison of data from several flights with predictions along the midfusclage and wing 
from the design trajectory 14414.1. 

7. Flight data confirm the noncatalytic surface effects on the wing. 


REFERENCES 


1. Stewart, D. A.; Rakich, J. V.; and Lanfranco, M. J.: Catalytic Surface Effects 

Experiment on the Space Shuttle. AIAA Paper 81—1143, Palo Alto, Calif., 1981. 

2. Rakich, J. V.; Stewart, D. A.; and Lanfranco, M. J.: Results of a Flight Experi- 

ment on the Catalytic Efficiency of the Space Shuttle Heat Shield. AIAA 
Paper 82-0944, St. Louis, Mo., 1982. 

3. Goldstein, H. E.; Leaser, D. B.; and Katvala, V.; Reaction Cured Borosilicate 

Glass Coating for Low-Density Fibrous Silica Insulation. Borate Glasses, 

Plenum Corp., New York, 1978, pp. 623-634. 

4. Leiser, C. B.; Stewart, D. A.; and Goldstein, H. E.: Chemical and Morphological 

Changes of Reusable Surface Insulation Coatings as a Function of Convectively 

Heated Cyclic Testing. NASA TM S-2719, 1972. 

* 

m 

5. Dorrance, W. H.: The Dissociated Laminar Boundary Layer. Viscous Hypersonic 

Flow, McGraw-Hill Book Co., New York, 1962, pp. 69-1C1. 

6. Rakich, J. V.; and Lanfranco, M. J.: Numerical Computation of Space Shuttle 

Laminar Heating and Surface Streamlines. Journal of Spacecraft and Rockets, 
vol. 14, no. 5, May 1977, pp. 265-272. 


835 














SURFACE REACTION RATE PARAMETER, k 


GAP FILLERS 


SENSORS 


Figure 5.- Contamination sources. 
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Figure 7.- 


Hemtspherical emittance. 
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Figure 8.- Pressure 


histories for flight STS-3 windward centerline. 
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Calculated STS-3 heating and 


pressure profiles during entry. 
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Figure 10.- Surface temperature variation on orbiter windward centerline. 
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Figure II.— Correlation of calculated heating transfer coefficients. 
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Figure 12.- Formalized surface temperature as a function of correlation parameter. 
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Figure 13.- Flight trajectory parameters. 


*3 


— THEORY <14414.1) 
O STS- 2 



•} - 0.0304 


THEORY CM414.1) 

O STS 2 

□ STS 3 

A STS 5 



b) - 0.0184 


Figure 14.- 


Surface temperature distribution along midfuselage centerline. 
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Figure 14,- Concluded, 



Figure 15- Comparison between measured and predicted surface temperatures using 
post-flight STS-5 RCG surface properties. 
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Figure 16.- Surface pressure and temperature distributions along 60% semispan 

on crbiter wing. 
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